INTRODUCTION
The kinetic studies carried out by showed that the xanthine/NAD+ oxidoreductase reaction catalysed by chicken-liver xanthine dehydrogenase obeys ping-pong kinetics. Nevertheless, on studying the xanthine/oxygen oxidoreductase reaction, catalysed by this enzyme, they observed activation at high xanthine concentrations. Dismutation of the xanthine, catalysed by Micrococcus lactyliticus xanthine dehydrogenase (Smith et al., 1967) , cannot explain this phenomenon because the enzyme from chicken liver (Priest & Fisher, 1969; Lopez-Solanas & Bozal, 1975; Canela & Bozal, 1979) does not catalyse this reaction. Priest & Fisher (1971) found that the activation phenomenon is also produced in the pteridine/oxygen oxidoreductase reaction catalysed by chicken-liver xanthine dehydrogenase and they proposed a random substrate addition and product-release kinetic model with independent catalytic sites. Cleere & Coughlan (1975) indicated activation at high xanthine concentrations in the xanthine/oxygen oxidoreductase reaction catalysed by turkey-liver xanthine dehydrogenase, and a different behaviour depending on the substrate concentrations in the xanthine/NAD+ oxidoreductase reaction; thus they suggest that this enzyme does not fit a single ping-pong mechanism. Fonoll et al. (1980) , working with chicken-liver xanthine dehydrogenase, showed that in the xanthine oxidation reaction the double-reciprocal plot corresponding to different NAD+ concentrations is non-linear, whereas the one corresponding to xanthine is linear when the electron acceptor is NADI, and nonlinear when the electron acceptor is oxygen. Similarly, the double-reciprocal plot corresponding to the NADH/ oxygen oxidoreductase reaction is non-linear. In contrast, Coughlan & Rajagopalan (1980) obtained for the same enzyme a pattern of parallel lines for both substrates, xanthine and NADI, in the xanthine/NAD+ oxidoreductase reaction. They propounded a rapid-equilibrium random (two-site) hybrid ping-pong mechanism for this enzyme, which was postulated by Northrop (1969) to explain the kinetic behaviour of the biotincontaining enzyme transcarboxylase.
The disagreement in the published results is suspicious and it suggests that the kinetic mechanism of the xanthine dehydrogenase and related enzymes should be more complex than expected. Therefore, we decided to investigate the steady-state kinetics of the chicken-liver xanthine dehydrogenase using the method of sequential experimental design recently published (Franco et al., 1986) , which is useful to model discrimination and parameter refinement, and the results of this study are presented.
EXPERIMENTAL Reagents
Acetone, xanthine and uric acid were purchased from Merck and NAD+ and NADH from Boehringer Mannheim. DEAE-Sepharose Fast Flow, DEAE-Sephacel, phenyl-Sepharose CL-4B and Sephadex G-25 were from Pharmacia; Ultrogel HA and Ultrogel AcA 34 (LKB) were used as chromatographic material. Phenylmethanesulphonyl fluoride was purchased from Sigma. Preparation of xanthine dehydrogenase Fresh chicken liver was homogenized in 0.1 mMsodium phosphate buffer (pH 7.0) containing 0.1 mm-EDTA and 1.25 mM-phenylmethanesulphonyl fluoride, using a Waring blender homogenizer. The suspension was centrifuged at 8000 g for 60 min at 4 'C. The supernatant was filtered through glass wool and heated at 56 'C for 30 min, cooled to 10 'C and then centrifuged at 8000 g for 20 min at 4 'C. Ammonium sulphate (19 g/100 ml) was added to the supernatant, the mixture was stirred for 30 min at 4°C and centrifuged at 8000 g for 20 min at 4 'C. The precipitate was discarded and ammonium sulphate (10.5 g/100 ml) was added to the supernatant as above. The mixture was stirred for 30 min at 4 'C and centrifuged at 8000 g for 60 min at 4 'C. The pellet was resuspended in 50 mM-sodium phosphate buffer (pH 7.8) containing 0.1 mM-EDTA. Acetone [up to 42 % (v/v) ] at -18 'C was added slowly and with vigorous stirring. The temperature of the mixture in this step was maintained at, or just below, 0 'C. The suspension was centrifuged at 8000 g for 15 min at -10°C. The pellet was resuspended in 10 mM-potassium phosphate buffer (pH 7.4). This solution was pooled and adsorbed onto a hydroxyapatite (Ultrogel HA) column (16 cm x 2.6 cm) and equilibrated with 10 mM-potassium phosphate buffer (pH 7.4). After washing with several column volumes of the same buffer, the enzyme was eluted with a linear gradient of sodium phosphate buffer (10 mM-400 mM; total vol. 1 litre). Peak fractions were pooled and absorbed on a phenyl-Sepharose column (9 cm x 3.5 cm) and equilibrated with 25 mM-Tris/HCl buffer (pH 8.2) containing 0.25 M-NaCl. The conductivity of the sample was adjusted by adding solid NaCl. After washing, the enzyme was eluted with 25 mM-Tris/HCl buffer (pH 8.2). Peak fractions were pooled and absorbed on a DEAE-Sephacel column (15 cm x 2.6 cm) and equilibrated with 25 mM-Tris/HCl buffer (pH 8.2). After washing with several column volumes of the same buffer, the enzyme was eluted with a linear gradient of NaCl (0.5 mM-400 mM) into the same buffer with dithiothreitol (up to 25 mM; total vol. 350 ml). Peak fractions were precipitated with acetone to a final concentration of 50 % (v/v) . The suspension was centrifuged at 16000 g for 15 min at -10 'C. The pellet was resuspended in 25 mM-Tris/HCl buffer (pH 8.2). This solution was filtered through an Ultrogel AcA 34 column (90 cm x 5 cm) equilibrated with 25 mM-Tris/HCl buffer (pH 8.2), containing 0.1 mM-EDTA and 0.02% NaN3. Peak fractions were concentrated in a DEAE-Sephacel column (2 cm x 1.1 cm) equilibrated with 25 mM-Tris/ HCl buffer; the enzyme was eluted with the same buffer containing 1 M-NaCl and 25 mM-dithiothreitol. The enzyme solution was desalted by passage through Sephadex G-25 equilibrated with 50 mM-sodium phosphate buffer (pH 7.8). Chicken-liver xanthine dehydrogenase prepared in this ways lacks aggregates and the polyacrylamide-disc electrophoresis of this preparation shows a single band for specific and general detection.
Xanthine dehydrogenase (150 units) was routinely obtained with 1.7 mg of protein/ml and 6 units/mg of protein.
Xanthine dehydrogenase concentration and characteristics Xanthine dehydrogenase is a dimeric enzyme containing one FAD per hemimolecule. Protein content was determined from the absorbance at 450 nm (maximum absorbance of FAD). Molar absorption coefficient of FAD is 3.65 x 104 m-1 cm-' (Bray, 1975) .
Activity determinations
A 8450A Hewlett-Packard spectrophotometer equipped with a 89100A temperature controller was used to measure rates of absorbance change at 340 nm or 293 nm. Solutions were made up to final volumes of 2.5 ml and checked for pH and temperature before the assays. The buffer used was 50 mM-sodium phosphate (pH 7.8), containing 0.1 mM-EDTA. The testing temperature was 30 + 0.1°C. A xanthine dehydrogenase unit is defined as the amount of enzyme necessary to transform 1 gumol of xanthine to uric acid in 1 min measured in a 1 cm lightpath cell with 0.15 mM-xanthine and 0.5 mM-NAD' in 50 mM-sodium phosphate buffer (pH 7.8) at 30 + 0.1 'C. There was a linear relationship between the initial velocity and the enzyme concentration at fixed xanthine (0.15 mM) and NAD+ (0.5 mM) concentrations (1-25munits of xanthine dehydrogenase/ml) under the assay conditions used, indicating the absence of aggregation phenomena. The kinetic determinations were carried out at fixed enzyme concentration (13 munits/ ml). Rates measured at xanthine or NAD+ concentrations of less than 5 /tM were not reproducible.
Computation methods
A minimum of eight replicate determinations of initial rates of each substrate concentration were carried out and the discordant observations were discarded by a program devised for this purpose (Lopez-Cabrera, 1987) , which is based on the AIC method (Kitagawa, 1979) . In order to correct the different number of valid determinations, after rejecting discordant observations, the weighting factor for each point was assumed to be the inverse of the variance multiplied by t2 (n, 0.95) (Lopez-Cabrera, 1987) .
In initial designs the substrate concentrations were selected according to a geometrical distribution. However, when the model and the parameters were approximately known, the points were selected by a D-optimal discrete design (Fedorov, 1972) , using a program able to deal with several substrates and products, and with a high number of parameters (Lopez-Cabrera, 1987) . Then, after fitting the data, a new point was chosen for refinement of the parameter values. This new point was determined by a D-optimal sequential design (Fedorov, 1972 ), using the method described by Franco et al. (1986) . New points were performed according to this procedure until no significant improvement was achieved. When the model was not certainly known, the procedure was similar; however in this case, the series of new points was selected including a discrimination factor using the a posteriori probability of each model (see Franco et al., 1986 , for details). The discrimination was continued until the probability for the correct model was practically 1. Then, the process continues only by refining the parameters until achieving a satisfactory improvement. Obviously, when the experiment was too long, without obtaining a probability of 1 or with an unsatisfactory improvement, the experiment was stopped. Also used were the F test (95 % and 99 %), performed by the method of Burguillo et al. (1983) , the residuals method, and the AIC method (Jones et al., 1984) , as discrimination procedures.
Experimental results were fitted by a non-linear regression program based on Marquardt's method (Marquardt, 1963; Canela, 1984) implemented on a VAX 11/750 working in FORTRAN77.
In order to obtain the lowest-degree rate equation, which gives the best-fit to experimental data, the initial velocities and their corresponding substrate concentra- The experimental points were fitted using 1: 1 (------), 2:2 ( ), and a 3:3 (.......-) rational polynomial functions.
RESULTS
The velocity variation with respect to NADI concentration for different constant xanthine concentrations (between 5 /tM and 100 /SM) was studied. Discrimination among n: n functions of degree 1: 1, 2:2 and 3: 3 was carried out and after 18 experimental points the probability a posteriori was 1 for the 2: 2 degree equation (Fig. 1) .
The velocity variation with respect to xanthine concentration for different constant NAD+ concentrations (between 5 /SM and 750 /SM) was studied. Discrimination among n: n functions of degree 1: 1, 1:2 and 2:2 was carried out and after 18 experimental points the probability a posteriori was 1 for the 1: 1 degree equation (Fig. 2) .
With different constant NADH (between 5 /SM and 50/M) or uric acid (between 150 /SM and 800 /,M) concentrations the velocity dependence on xanthine or NADI concentration was not modified. Thus, when the variable substrate was NADI, the rate equation degree was 2:2 whereas when it was xanthine, the rate equation degree was 1: 1. Consequently the maximum possible rate equation is ._I tions were fitted into rational functions (Bardsley et al., 1980) (Burguillo et al., 1983) , and it indicates a function of minimum degree 1:1 (Figs. 3a to  3d) .
From these results, and taking into account the results above, the maximum possible rate equation is: ten experimental points the probability a posteriori was 1 for the 1:2 degree equation. Likewise, discrimination among n: n functions of degree 0: 1, 0: 2 These results lead to the conclusion that 1: 1, 2:2, 0: 1, and 1:2 functions for xanthine, NADI, uric acid and NADH, respectively, are the minimum degrees required to explain the experimental results. Therefore the equation of the global model is:
and 100 M) was studied. Discrimination among n: n functions of degree 1: 1, 2:2 and 3:3 was carried out and after 14 experimental points the probability a posteriori was 1 for the 2:2 degree equation (Fig. 5) . From these results the rate equation for the oxygen-oxidoreductase reaction is
where A represents the substrate xanthine.
(6)
In Table 2 the parameters obtained for the oxygenoxidoreductase reaction are given.
DISCUSSION
By stimulation techniques Burguillo et al. (1983) demonstrate that the chance of correctly detecting the degree of the v,S data by curve-fitting using the F test (Petterson & Petterson, 1970 ) is as follows: 1: 1 (0.98), 2:2 (0.71), 3:3 (0.43) and 4:4 (0.34). Similar results have been obtained in this laboratory (unpublished results) using the method devised by Franco et al. (1986) . These facts indicate that the assignment of a complex mechanism is not possible from kinetic studies alone. However, kinetic studies can be correlated with other experimental findings in order to confirm or discard some hypotheses about a plausible mechanism. Coughlan & Rajagopalan (1980) propounded a rapidequilibrium random (two-site) ping-pong kinetic mechanism for xanthine dehydrogenase. The authors based this model on that propounded by Northrop (1969) for transcarboxylase. As defined, this mechanism is unable to justify the non-Michaelian behaviour ofavian xanthine dehydrogenase. However, if the following statements are made, the model is more likely to conform to the experimental results presented here. (i) There are four xanthine dehydrogenase forms (Scheme 1). (ii) Each form in Scheme I represents a rapid-equilibrium segment. The interconversion between two rapid-equilibrium segments is shown in Scheme 2. (iii) The steady-state steps are the transfer of electrons from xanthine to molybdenum and the acceptance of electrons from reduced flavin by NAD+. (iv) The intramolecular transfer of electrons is not considered as a steady-state step, if, as in milk, by xanthine oxidase (Olson et al., 1974) , these transfers of electrons are rapid steps. (v) On the rapid equilibrium segments, the values of kk,/ (i = 1, 2, 3 and 4) are assumed to be independent of the state of reduction of the enzyme (Olson et al., 1974; Coughlan & Rajagopalan, 1980 two-or four-electron-reduced enzyme accepting two electrons plus the probability that it cedes two electrons, must be 1, thus p(l)+p(4) = 1 and p(2)+p(3) = 1 (Scheme 1). By application of the combined rapid-equilibrium steady-state treatment of Cha (1968) to the mechanism of Schemes 1 and 2 and on considering the above assumptions, the following expression is obtained:
By simple inspection it is observed that the rate equation is 2:2 degree with regard to xanthine, NADI, uric acid and NADH. This equation includes all the terms found experimentally (eqn. 5); however, several terms which had been discarded in the discrimination process appear here. tion (eqn. 5) with regard to that deduced in eqn. 7. The theoretical 2:2 dependence agrees with the result obtained in the oxidase reaction, but not with that of the dehydrogenase reaction. We easily discovered that if = k6 there is a common factor of the numerator and denominator of eqn. 7 which is 1 + K1A. The symbols Ei and E,+2 (i = 0, 2 and 4) are defined in Scheme 1. A, B, P and Q correspond to xanthine, NAD+, uric acid and NADH, respectively.
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It is evident that both constants must be different when oxygen is the electron acceptor, nevertheless, with NAD+, these constants, although not identical, would have a similar value, which in the range of xanthine concentrations, will not be detectable. Analogous considerations would be carried out for uric acid or NADH, but when the experimental precision is insufficient, it is complex and hardly interesting to establish the statistical significance of terms that are theoretically plausible.
In conclusion, from the above results, it should be noted that the methodology used in this paper is a tool much more powerful than the classical methods used in order to elucidate enzyme kinetic mechanisms, and it allows, in just a few experimental sessions, the establishment of the rate equation that explains better the experimental results. However, as it has been pointed out above, the actual mechanism should be determined whenever possible by other methods.
